
Nature © Macmillan Publishers Ltd 1997

Response and adaptation. In a typical assay, a model system was subject to a

step-like change in attractant concentration. A system in steady-state,

characterized by the system activity Ast, was perturbed by an addition or

removal of attractant. As a result, the system activity changed abruptly and then

relaxed, with the characteristic adaptation time, t, to a new steady-state value

Ast
⋅p. Here p measures the precision of adaptation; perfect adaptation corre-

sponds to p ¼ 1 (see inset in Fig. 3a).

Robustness of adaptation. The sensitivity of adaptation precision and

adaptation time to variations in the biochemical constants defining a model

system was investigated. An ensemble of altered systems was obtained from the

reference system by random modifications of its reaction rate constants and

enzymatic concentrations, k0
n. Each alternation of the reference system was

characterized by the total parameter variation, k, which is defined as:

log ðkÞ ¼ S
L
n¼1 j log ðkn=k

0
nÞ j , where kn are the biochemical parameters of the

altered system. The altered system was subject to a step-like addition of

saturating concentrations of attractant (1 mM), and both the precision of

adaptation, p, and the adaptation time, t, were measured. The assay was

repeated for various reference model systems, with different values of bio-

chemical parameters and of am, and different variants of the model. The

robustness of adaptation (Fig. 3) is independent of these choices.

Chemotactic drift velocity. The behaviour of a model system in the presence

of a linear gradient of attractant, =l, was simulated. The movement of the

system was assumed to be composed of a series of smooth runs at a constant

velocity of 20 mm s 2 1, interrupted by tumbling events. The tumbling frequency

was taken to be a sigmoidal function of the system activity (Hill coefficient,

q ¼ 2. Different values of q lead to the same qualitative picture; the sensitivity

increases with q). The trajectories were also subject to a rotation diffusion, with

D ¼ 0:125 rad2 s 2 1 (ref. 9). Attractant concentration was increasing along the x

direction, (with l ¼ 1 mM at x ¼ 0). The chemotactic drift velocity was

estimated by measuring the average x position of a hundred identical simulated

systems as a function of time.
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Cytokines are secreted proteins that regulate important cellular
responses such as proliferation and differentiation1. Key events in
cytokine signal transduction are well defined: cytokines induce
receptor aggregation, leading to activation of members of the JAK
family of cytoplasmic tyrosine kinases. In turn, members of
the STAT family of transcription factors are phosphorylated,
dimerize and increase the transcription of genes with STAT
recognition sites in their promoters1–4. Less is known of how
cytokine signal transduction is switched off. We have cloned a
complementary DNA encoding a protein SOCS-1, containing an
SH2-domain, by its ability to inhibit the macrophage differen-
tiation of M1 cells in response to interleukin-6. Expression of
SOCS-1 inhibited both interleukin-6-induced receptor phos-
phorylation and STAT activation. We have also cloned two rela-
tives of SOCS-1, named SOCS-2 and SOCS-3, which together with
the previously described CIS (ref. 5) form a new family of
proteins. Transcription of all four SOCS genes is increased rapidly
in response to interleukin-6, in vitro and in vivo, suggesting they
may act in a classic negative feedback loop to regulate cytokine
signal transduction.

To identify cDNAs encoding proteins capable of suppressing
cytokine signal transduction, we used an expression cloning
approach. The strategy used the murine monocytic leukaemic M1
cell line that differentiates into mature macrophages and ceases
proliferation in response to various cytokines, including interleu-
kin-6 (IL-6), and in response to the steroid, dexamethasone6,7.
Parental M1 cells were infected with the RUFneo retrovirus, into
which a library of cDNAs from the factor-dependent haemopoietic
cell line FDC-P1 had been inserted8. Retrovirally infected M1 cells
that were unresponsive to IL-6 were selected in semi-solid agar
culture by their ability to generate compact colonies in the presence
of IL-6 and geneticin. One stable IL-6-unresponsive clone, 4A2, was
obtained after examining 104 infected cells (Fig. 1). A 1.4 kilobase
pair (kbp) cDNA insert, which we have named suppressor of
cytokine signalling-1, or SOCS-1, was recovered by polymerase
chain reaction (PCR) from the retrovirus that had integrated into
genomic DNA of 4A2 cells. The SOCS-1 PCR product was used to

Figure 1 Phenotype of IL-6 unresponsive M1 cell clone, 4A2. Colonies of parental

M1 cells (left panel) and clone 4A2 (right panel) cultured in semi-solid agar for 7

days in saline or 100 ngml2 1 IL-6.
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clone independent cDNAs from a mouse thymus cDNA library and
these were identical in sequence to the retroviral cDNA insert,
suggesting that constitutive expression of the wild-type SOCS-1
gene, rather than expression of a mutated cDNA, was sufficient to
confer the IL-6-unresponsive phenotype.

A search of the nucleotide sequence databases revealed that the
SOCS-1 gene was encoded on a single exon present in mouse and rat
genomic DNA clones containing the protamine gene cluster found
in the mouse on chromosome 16 (ref. 9). The SOCS-1 sequence was
not homologous to any of the protamine genes, but corresponded to
a previously unidentified open reading frame located at the 39 end of
these clones. Using sequence information provided by human
expressed sequence tags (ESTs) several independent cDNAs
encoding human SOCS-1 were also cloned. The mouse and rat
SOCS-1 genes encode proteins of 212 amino acids, whereas the
human gene encodes a protein of 211 amino acids. Mouse, rat and
human SOCS-1 proteins share 95–99% amino-acid identity (Fig. 2).

A search of translated nucleic acid databases with the predicted
amino-acid sequence of SOCS-1 showed that it was distantly related
to a recently cloned cytokine-inducible immediate early gene
product, CIS (ref. 5) and to two further classes of ESTs. Using the
sequences provided by the ESTs, we have cloned full-length cDNAs
encoding related proteins we term SOCS-2 and SOCS-3. Although
the amino-terminal regions of these proteins share little sequence
similarity, all four contain a central SH2 domain and a conserved
carboxy-terminal region that we have designated the SOCS box.

Mouse SOCS-1, SOCS-2, SOCS-3 and CIS appear quite distantly
related. SOCS-2 and CIS exhibit approximately 38% amino-acid
identity, and the remaining members of the family share approxi-
mately 25% amino-acid identity (Fig. 2). Further evidence of the
divergence of these genes is their distinct genomic organization. The
coding regions of the genes for SOCS-1 and SOCS-3 appear to
contain no introns, whereas the coding regions of the genes for
SOCS-2 and CIS contain one and two introns, respectively (data not
shown).

Although the function of the SOCS box is unknown, the core
conserved sequence (K/R)(D/E)(Y/F) is similar to the tyrosine
phosphorylation site in the JAK family (KEYY in Jak2) that regulates
kinase activity10. Because this site is thought to act as a pseudo-
substrate sequence in the unphosphorylated state, it is possible that
SOCS proteins may inhibit JAK kinase activity through the SOCS
box. This notion is supported by the observation that SOCS-1
interacts with the catalytic region of JAK kinases (see accompanying
paper11).

To establish that the phenotype of the 4A2 cell line was directly
related to expression of SOCS-1, and not to unrelated genetic
changes that may have occurred in this cell clone, a cDNA encoding
an epitope-tagged version of SOCS-1 was cloned into an expression
vector under the control of the EF1a promoter. The SOCS-1
expression vector was cotransfected with a plasmid conferring
resistance to puromycin into parental M1 cells and, in order to
assess the effect of SOCS-1 expression on signalling by a broader

Figure 2 Comparison of the amino-acid sequences of SOCS-1, SOCS-2, SOCS-3

and CIS. Alignment of the predicted amino-acid sequence of the mouse (mm),

human (hs) and rat (rr) SOCS-1, SOCS-2, SOCS-3 andCIS. Those residues shaded

are conserved in three of the four mouse SOCS familymembers. The SH2 domain

is boxed in solid lines, whereas the SOCS box is bounded by double lines. The

nucleotide sequence of each of these genes has been deposited in GenBank

under the accession numbers mmSOCS-1 = U88325; hsSOCS-1 = U88326;

mmSOCS-2 = U88327; mmSOCS-3 = U88328.
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range of cytokines, into M1 cells expressing the receptor for
thrombopoietin, c-mpl (M1.mpl). Multiple independent clones of
M1 cells expressing SOCS-1, as detected by western blot, displayed a
cytokine-unresponsive phenotype that was indistinguishable from
4A2 (data not shown). Further, if transfectants were not maintained
in puromycin, expression of SOCS-1 was lost over time and cells
regained their cytokine responsiveness. In the absence of cytokine,
colonies derived from 4A2 and other SOCS-1-expressing clones
characteristically grew to a smaller size than colonies formed by
control M1 cells (Fig. 1).

The effect of constitutive SOCS-1 expression on the response of
M1 cells to a range of cytokines was further investigated using the
4A2 cell line and a clone of M1.mpl cells expressing SOCS-1
(M1.mpl.SOCS-1). Unlike parental M1 cells and M1.mpl cells, the
two cell lines expressing SOCS-1 continued to proliferate and failed
to form differentiated colonies in response to either IL-6, leukaemia
inhibitory factor (LIF), oncostatin M (OSM), interferon-g (IFN-g)
or, in the case of the M1.mpl.SOCS-1 cell line, thrombopoietin
(Fig. 3). However, both cell lines were able to respond to dexa-
methasone, suggesting that SOCS-1 specifically affected cytokine
signal transduction rather than the cell’s intrinsic ability to dif-
ferentiate. Consistent with these data, 4A2 and M1.mpl.SOCS-1
cells showed no evidence of morphological differentiation in
response to IL-6 or other cytokines, whereas parental M1 cells
and M1.mpl cells became large and vacuolated with a macrophage
morphology in response to IL-6 (data not shown).

Because CIS was cloned as a cytokine-inducible immediate early
gene, we examined whether SOCS-1, SOCS-2 and SOCS-3 were
similarly regulated. The basal pattern of expression of the four
SOCS genes was examined by northern blot analysis of messenger
RNA from a variety of tissues from male and female C57BL/6 mice
(Fig. 4a). Constitutive expression of SOCS-1 was observed in the
thymus and to a lesser extent in the spleen and the lung. SOCS-2
expression was restricted primarily to the testis and in some animals
the liver and lung; for SOCS-3 a low level of expression was observed

in the lung, spleen and thymus, whereas CIS expression was more
widespread, including the testis, heart, lung, kidney and, in some
animals, the liver.

We sought to determine whether expression of the four SOCS
genes was regulated by IL-6. Northern blots of mRNA prepared
from the livers of untreated and IL-6-injected mice, or from
unstimulated and IL-6-stimulated M1 cells, were hybridized with
labelled fragments of SOCS-1, SOCS-2, SOCS-3 and CIS cDNAs
(Fig. 4b). Expression of all four SOCS genes was increased in the
liver following IL-6 injection; however, the kinetics of induction
appeared to differ. Expression of SOCS-1 and SOCS-3 was transient
in the liver, with mRNA detectable 20 min after IL-6 injection and
declining to basal levels within 4 h for SOCS-1 and 8 h for SOCS-3.
Induction of SOCS-2 and CIS mRNA in the liver followed similar
initial kinetics to that of SOCS-1, but was maintained at an elevated
level for at least 24 h. A similar induction of SOCS gene mRNA was
observed in other organs, notably the lung and the spleen (data not
shown). In contrast, in M1 cells although SOCS-1 and CIS mRNA
were induced by IL-6, no induction of either SOCS-2 or SOCS-3
expression was detected. This result highlights cell-type-specific
differences in the expression of the genes of SOCS family members
in response to the same cytokine.

Figure 3 Expression of SOCS-1 suppresses IL-6-induced macrophage differ-

entiation of M1 cells. Semi-solid agar cultures of parental M1 cells (M1 and

M1.mpl) and M1 cells expressing SOCS-1 (4A2 and M1.mpl.SOCS-1), showing the

percentage of colonies that differentiated in response to a titration of 1 mg ml2 1 IL-

6 (empty circles), 100 ngml2 1 LIF (empty triangles), 1 mg ml2 1 OSM (squares),

100 ngml2 1 IFN-g (filled triangles), 500 ngml2 1 thrombopoietin (TPO) (filled cir-

cles) or 3 3 102 6 M dexamethasone (stars).

Figure 4 Expression of mRNA for SOCS family members in vitro and in vivo. a,

Northern analysis of mRNA from a range of mouse organs showing constitutive

expression of SOCS family members in a limited number of tissues. b, Northern

analysis of mRNA from liver and M1 cells showing induction of expression of

SOCS family members following exposure to IL-6. c, Reverse transcriptase PCR

analysis of mRNA from bone marrow showing induction of expression of SOCS

family members by a range of cytokines.



Nature © Macmillan Publishers Ltd 1997

letters to nature

920 NATURE | VOL 387 | 26 JUNE 1997

In order to examine the spectrum of cytokines that was capable of
inducing transcription of the various members of the SOCS gene
family, bone marrow cells were stimulated for an hour with a range
of cytokines, after which mRNA was extracted and cDNA was
synthesized. PCR was then used to assess the expression of SOCS-
1, SOCS-2, SOCS-3 and CIS (Fig. 4c). In the absence of stimulation,
little or no expression of any of the SOCS genes was detectable in
bone marrow by PCR. Stimulation of bone marrow cells with a
broad array of cytokines appeared capable of upregulating mRNA
for one or more members of the SOCS family. IFN-g, for example,
induced expression of all four SOCS genes, whereas erythropoietin,
granulocyte colony-stimulating factor, granulocyte-macrophage
colony-stimulating factor and interleukin-3 induced expression of
SOCS-2, SOCS-3 and CIS. Interestingly, tumour necrosis factor-a,
macrophage colony-stimulating factor and interleukin-1, which act
through receptors that do not fall into the type I cytokine receptor
class also appeared capable of inducing expression of SOCS-3 and
CIS, suggesting that the SOCS proteins may play a broader role in
regulating signal transduction.

As constitutive expression of SOCS-1 inhibited the response of
M1 cells to a range of cytokines, we examined whether phosphor-
ylation of the cell-surface receptor component gp130 and the

transcription factor Stat3, which are thought to play a central role
in IL-6 signal transduction1–4, were affected. We compared these
events in the parental M1 and M1.mpl cell lines and their SOCS-1-
expressing counterparts. As expected, gp130 was phosphorylated
rapidly in response to IL-6 in both parental lines, however, this was
reduced in the cell lines expressing SOCS-1 (Fig. 5a). Likewise, Stat3
phosphorylation was also reduced in response to IL-6 in those cell
lines expressing SOCS-1 (Fig. 5a). Consistent with a reduction in
Stat3 phosphorylation, activation of specific STAT/DNA-binding
complexes, as determined by electrophoretic mobility shift assay,
was also reduced. Notably, there was a failure to form SIF-A
(containing Stat3) and SIF-B (Stat1/Stat3 heterodimer), the major
STAT complexes induced in M1 cells stimulated with IL-6 (Fig. 5b).
Similarly, constitutive expression of SOCS-1 also inhibited IFN-g-
stimulated formation of SIF-C (Stat1 homodimer; Fig. 5b).

The effects of SOCS-1 appeared to be specific for the JAK/STAT
pathway because no detectable diminution of the overall level of
tyrosine-phosphorylated proteins was observed either in the
absence or presence of IL-6 in M1 cells expressing SOCS-1 (data
not shown). Similarly in M1 cells, which express flt3/flk-2 (ref. 12),
flt3/flk-2 ligand-induced tyrosine phosphorylation of its receptor
and the cytoplasmic protein Shc were unaffected by expression of
SOCS-1 (data not shown). Taken together, these experiments are
consistent with the proposal that SOCS-1 specifically inhibits signal
transduction upstream of receptor and STAT phosphorylation.
SOCS-1 may therefore act as a specific inhibitor of JAK kinases,
and because these enzymes have been implicated in the transmis-
sion of both differentiative and proliferative signals13, it is possible
that SOCS-1 may also inhibit cytokine-induced cell proliferation.

The ability of SOCS-1 to inhibit signal transduction and ulti-
mately the biological response to cytokines suggests that, like the
SH2-containing phosphatase SHP-1 (refs 14, 15), the SOCS pro-
teins play a central role in controlling the intensity and/or duration
of a cell’s response to a diverse range of extracellular stimuli by
suppressing the signal transduction process. The evidence provided
here and in accompanying papers suggests that the SOCS family acts
in a classic negative feedback loop for cytokine signal transduction.
Like other genes such as OSM, expression of genes encoding the
SOCS proteins is induced by cytokines through the activation of
STATs16,17. Once expressed, it is proposed that the SOCS proteins
inhibit the activity of JAKs and so reduce the phosphorylation of
receptors and STATs, thereby suppressing signal transduction and
any ensuing biological response. Importantly, inhibition of STAT
activation will, over time, lead to a reduction in SOCS gene
expression, allowing cells to regain responsiveness to cytokines.
Assessment of the physiological role of SOCS-1, SOCS-2, SOCS-3
and CIS will be clarified further by generating mice that lack one or
more members of this family.
Note added in proof : Elsewhere in this issue, JAK inhibitors similar
to SOCS are reported under the names JAB11 and SSI-1 (ref. 27). M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Generation of retroviral library and infection of M1 cells. A cDNA

expression library of 104 clones was constructed from the factor-dependent

haemopoietic cell line FDC-P1 and used to infect M1 cells, essentially as

described8. Infected IL-6 unresponsive M1 cells were selected in agar cultures

containing 400 mg ml2 1 geneticin and 100 ng ml2 1 IL-6.

Database searches and cloning of cDNAs. cDNA inserts were recovered

from integrated retroviruses by PCR, as described8. Independent cDNA clones

encoding mouse SOCS-1 were isolated from a murine thymus cDNA library

essentially as described18. The nucleotide and predicted amino-acid sequence of

mouse SOCS-1 cDNA was compared to databases using the BLASTN and

TFASTA algorithms19–21. Oligonucleotides were designed from the ESTs encod-

ing human SOCS-1 and mouse SOCS-2 and SOCS-3 and used to probe

commercially available mouse thymus and spleen cDNA libraries essentially

as described previously18. Sequencing was performed using an ABI automatic

sequencer according to the manufacturer’s instructions.

Figure 5 SOCS-1 suppresses the phosphorylation and activation of gp130 and

Stat-3. a, Western blots of extracts from parental M1 cells (M1 and M1.mpl) and

M1 cells expressing SOCS-1 (4A2 and M1.mpl.SOCS-1) stimulated with (þ) or

without ( 2 ) 100 ng ml2 1 IL-6. Top: extracts immunoprecipitated with anti-gp130

(agp130) and immunoblotted with anti-phosphotyrosine (aPY). The blot was

reprobed with agp130 to demonstrate equal loading of protein. Bottom: cell

lysates (10 mg) immunoblotted either with an antibody specific for tyrosine

phosphorylated-STAT3 (aPY-Stat3), or for Stat3 (aStat3) to demonstrate equal

loading of protein. The molecular masses of the bands are shown on the right. b,

EMSA of M1.mpl and M1.mpl.SOCS-1 cells stimulated with (þ) and without ( 2 )

100 ngml2 1 IL-6 or 100ng ml2 1 IFN-g. The DNA-binding complexes SIFA, B, andC

are indicated at the left.
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Northern analysis and reverse transcription. Purification of poly(A)þ

mRNA, and northern blot hybridization were performed essentially as

described22. To assess the induction of SOCS genes by IL-6, mice (C57BL/6)

were injected intravenously with 5 mg IL-6 followed by collection of the liver at

the indicated timepoints after injection. M1 cells were cultured in the presence

of 20 ng ml2 1 IL-6 and collected at the indicated times. For RT-PCR analysis,

bone marrow cells were collected as described23 and stimulated for 1 h at 37 8C

with 100 ng ml 2 1 of a range of cytokines. RT-PCR was performed on total

RNA as described23. PCR products were resolved on an agarose gel and

Southern blots were hybridized as described23 with probes specific for each

SOCS family member. Expression of b-actin was assessed to ensure uniformity

of amplification.

Western blotting and electrophoretic mobility shift assays. M1 cells (107)

or their derivatives were stimulated for 4 min at 37 8C with either saline or

100 ng ml2 1 IL-6. Cells were lysed and 1 to 2 mg protein was immunopreci-

pitated with 4 mg anti-gp130 antibody (M20; Santa Cruz Biotechnology, Santa

Cruz, CA) essentially as described24. Western blots were performed using anti-

tyrosine phosphorylated STAT3 or anti-STAT3 (New England Biolabs, Beverly,

MA), or anti-gp130 (Santa Cruz Biotechnology) as described25. Electrophoretic

mobility shift assays were performed using the m67 oligonucleotide probe, as

described26.
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The proliferation and differentiation of cells of many lineages are
regulated by secreted proteins known as cytokines. Cytokines
exert their biological effect through binding to cell-surface recep-
tors that are associated with one or more members of the JAK
family of cytoplasmic tyrosine kinases. Cytokine-induced receptor
dimerization leads to the activation of JAKs, rapid tyrosine-
phosphorylation of the cytoplasmic domains, and subsequent
recruitment of various signalling proteins, including members
of the STAT family of transcription factors, to the receptor
complex1–5. Using the yeast two-hybrid system, we have now
isolated a new SH2-domain-containing protein, JAB, which is a
JAK-binding protein that interacts with the Jak2 tyrosine-kinase
JH1 domain6. JAB is structurally related to CIS, a cytokine-
inducible SH2 protein7,8. Interaction of JAB with Jak1, Jak2 or
Jak3 markedly reduces their tyrosine-kinase activity and sup-
presses the tyrosine-phosphorylation and activation of STATs.
JAB and CIS appear to function as negative regulators in the JAK
signalling pathway.

We screened several yeast two-hybrid complementary DNA
libraries and found a single positive clone, JAB, in a human B-cell
library that could interact with the Jak2 JH1 domain (Fig. 1a–c). A
database search revealed that the mouse and rat JAB genes are
located downstream of the protamine gene cluster9. The coding
region of the gene for mouse JAB appears to contain no introns, and
encodes a 212-amino-acid protein. The JAB protein contains a
central SH2 domain (amino acids 79–170) which is most closely
related (35% identical) to that of CIS, a cytokine-inducible SH2-
containing protein (Fig. 1d) that we have cloned previously7.

We examined the specificity of the interaction of JAB with the
Jak2 JH1 domain using the yeast two-hybrid assay. We found no
evidence for interaction of the Jak2 JH1 domain with other SH2-
containing proteins such as Crk, the p85 subunit of phosphatidyl-
inositol-3-OH kinase (PI(3)K), phospholipase C-g (PLCg) or a new
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